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Abstract 
Fracture toughness Measurement of thin walled pipe-line with flaw or defect in most critical axial direction is difficult. In this 
paper the non-standard modified specimens has been proposed for simple fracture testing. The comparison between fracture 
behaviour of single edge notch bending (SENB), compact tension (CT) and pipe-ring specimens with notch and fatigue pre-crack 
were analysed. In order to determine CTOD-R curve the normalization method by using remote measurement CMOD has been 
used for all specimens. For non-standard pipe ring pre-cracked specimens the plastic correction eta factor is determined by using 
finite element method. The stable crack growth initiation was determined also as a crack tip surface strain-relaxation by using
stereo-optical grading method. Comparison between CTOD-R curves of all three types of specimens shows quite similar fracture 
toughness in stable crack initiation range. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Norwegian University of Science and Technology (NTNU), Department of 
Structural Engineering. 
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1. Introduction 
   The structure integrity assessment procedure of pipeline requires as input data mechanical properties and fracture 
toughness of material. Therefore, it is essential determine the fracture toughness of material. Experimental fracture 
toughness measurement of fabricated pipe-line is often difficult due by thin wall and consequently without 
possibility to meet standard geometric requirements. The aim of paper is presentation of alternative testing technique 
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for fracture toughness testing by using new pipe-ring specimens. In order to provide easily testing procedure the 
fatigue pre-cracked and only notched pipe ring specimens have been used. The new pipe-ring specimen with spark 
eroding notch makes fracture toughness testing cheaper. This technique gives possibility for fast simple testing and 
checking quality of pipeline material. In order to verify new technique and specimen the comparison between 
standard (SENB and CT) specimen and pipe-ring specimen has been performed. 
 
2. Material properties and fracture toughness testing 
2.1. Material 
The material used for testing is micro alloyed high strength steel grade HT50 with (thickness t=40mm) 
commercial mark NIOMOL 490K, produced by Slovenian Steel work company Jesenice. The structural steel is 
using for hydropower pipelines with good welding properties. Mechanical properties, are yield strength, Rp=460 
MPa, tensile strength, Rm=575 MPa and Young’s modulus, E=208 GPa. Mechanical data were obtained from a 
tensile test. 
2.2. Fracture toughness testing 
    Four different types of specimens were used for CTOD fracture toughness testing. Two standard (SENB and CT) 
specimens and two new pipe-ring specimens made from same plate has been used for fracture toughness testing at 
the room temperature. Figure 1 shows position and notch orientation of specimens cut out of rolled plate. 
Dimensions of the specimens are listed in Table 1. Span distance between support of pipe-ring specimen was 1.8·R, 
where R is outside radii of pipe-ring specimen. In order to prepare specimens for a fracture mechanics test according 
to ASTM 1820-05, and BS 7448, the fatigue pre-cracking of specimens was performed by cyclic loading for the 
SENB and CT specimens. The pipe-ring specimens R40 and R60 were fatigue pre-cracked with stress ration R=0.1 
and maximum forces Fmax=6.4 kN and Fmax=3.2 kN, respectively. Pipe-ring notched specimens R85 have only spark 
eroded notches with nominal notch depth 8 mm and notch radius 0.24 mm. Fracture mechanic tests were performed 
under monotonically increasing load at room temperature. During the tests the force F vs. Load line displacement 
was recorded. During the tests the direct technique δ5 for crack tip opening displacement [2] was measured by using 
optical grading method with 3D deformation system ARAMIS [3], as is shown in Fig. 2. Digital stereo images 
analysis shows that the initiation of stable crack propagation can be easy estimated as the stress-strain relaxation on 
the surface of specimen. Figure 3 shows strain relaxation for SENB and pipe-ring specimens between two snap shot 
stages with corresponding force displacement plot. Two stages in sequence for each specimen are shown in Fig. 3. 
The strain relaxation appears at the moment when magnification and size of strain concentration zone suddenly 
decreased, as is shown in Fig. 3 below. Stable crack initiation and the final crack extension of the “pipe-ring” 
specimens were estimated by fractographic analysis and measurement of plastic stretch zone width-SZW as is 
shown in Figs. 4.a) and 4.b). A pipe-ring notched specimen shows extension at the middle of specimen during 
blunting process. It is quite similar to fatigue pre-cracking area of SENB specimen. One can conclude that fracture 
behavior of both type of specimens are similar. The blunting process occurs at the notch tip before ductile crack 
extension. Due the blunting extension process in the middle of pipe-ring notch specimens the slightly higher fracture 
toughness can be expected. Figure 4.d) shows fractured surface of pipe-ring fatigue pre-cracked specimen 
R60_W15_ a/W=0.41, subjected to Fmax=3.2 kN. Fatigue crack extension is longer in the inner side of specimen 
than outside due the stress conditions at the notched section of specimen. In order to clearly distinguish difference 
between fatigue pre-cracking and stable crack extension during fracture toughness testing the CT specimens and 
pipe-ring specimens were subjected to heat-tinting at 250°C for 30 minutes.  
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Fig. 1. All types of specimens with notch orientation cut out of plate by spark eroding  
Table 1. Tested specimen’s geometry. 
Group Type of specimen Mark R 
(mm) 
B  
(mm) 
W  
(mm) 
anotch  
(mm) 
aǂ fatigue  
(mm) 
ao 
(mm) 
a/W 
- 
W/B 
- 
 Single Edge Notch SENB-4 - 10.17 20.01 8.32 1.89 10.21 0.51 2 
1 standard specimen SENB-5 - 10.17 20.03 8.42 1.51 9.93 0.50 2 
  SENB-7 - 10.17 20.02 8.24 1.66 9.90 0.50 2 
 Compact tension CT-1 - 20.05 40 16.08 2.32 18.39 0.46 2 
2 standard specimen CT-2 - 20.09 40 16.01 7.66 23.66 0.59 2 
  CT-3 - 20.00 40 16.00 3.84 19.84 0.50 2 
 Pipe ring notched PRNS-A 85 10.14 20 8.96 - 8.96 0.45 2 
3 non-standard  PRNS-B 85 10.14 20 8.74 - 8.74 0.44 2 
 specimen PRNS-C 85 9.84 20 8.83 - 8.83 0.44 2 
 Pipe ring pre-cracked R 40-1 40 4.99 9.95 3.86 2.12 5.98 0.60 2 
4 non-standard  R40-2 40 5.20 15.80 4.01 2.72 6.72 0.43 3 
 specimen R60-1 60 7.46 15.04 5.90 4.81 10.71 0.71 2 
  R60-2 60 7.50 15.02 5,76 0.45 6.21 0.41 2 
 
   Figure 4.d) shows uneven fatigue pre-crack front with difference more than 10% of total crack length. It can leads 
to non-repeatable results of fracture behavior. At the same time the pipe-ring notched specimen shows quite 
symmetric blunting and crack extension regarding to fracture surface symmetric line. It seems that application of 
pipe-ring specimen provides similar results with repeatable measurement of fracture toughness. 
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Fig.2. Testing SENB and pipe-ring specimens with optical 3D Deformation system ARAMIS, Gubeljak et al (2013) 
Maximum strain before crack extension at the crack tip for SENB (left) and notch tip at pipe-ring (right): 
  
Next stage at the moment of strain relaxation at the crack tip for SENB (left) and notch tip at pipe-ring (right): 
  
Fig. 3: Determination of stable crack initiation point as stress-strain relaxation for SENB (left) and pipe-ring specimens (right) between two snap 
shot stages, Gubeljak et al (2013) 
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a) SENB specimens b) „Pipe-ring“ notched specimen A 
 
c) CT-2 specimen d) „Pipe-ring“ fatigue pre-cracked specimen 
R60_W15_a/W=0.41  
Fig. 4: Example of fractographic measurements investigation of CTODpl on a SENB, CT and “pipe-ring” notched and precracked  specimens  x25 
 
Fig.5. CTOD-R curves for SENB and CT specimens 
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Fig.6. Difference in CDF curves 
 
Fig.7. Comparison between CTOD(δ5) initiation and final values for SENB, CT  and both pipe-ring specimens 
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3. Discussion 
    In order to determine crack tip opening displacement CTOD vs. crack extension Δa curve, the normalization 
method was applied for the SENB specimens, CT specimens and pipe-ring pre-cracked specimens. The 
Normalization method prescribed in ASTM E 1820-05 standard has been applied in order to determine crack 
extension during the loading of SENB and CT specimens. Figure 5 shows CTOD-R curves for all three SENB and 
CT specimens with crack initiation range. Both types of specimens show stable crack initiation CTODi in range of 
0.2 to 0.65 mm. Figure 6 shows the recorded crack driving curves load vs. CTOD(δ5) of SENB and both types of 
pipe-ring specimens. Loading capacity depends mainly about crack aspect ratio a/W, but crack initiation CTOD(δ5)i 
of SENB and pipe-ring notched specimens are in the same range. For non-standard pipe ring pre-cracked specimens 
the plastic correction eta factor (Șpl=2.07) is determined by using finite element method, Likeb et al (2014). The 
pipe-ring pre-cracked specimens shows that stable fatigue pre-crack values starts at the slightly lower values 
CTOD(δ5)i=0.3 – 0.4 mm. Figure 7 shows CTOD-R curves of all specimens. Only the two characteristic points of 
the R-curves obtained are given in Fig. 7.  
4. Conclusion 
   The comparison between fracture behaviour of single edge notch bending (SENB), compact tension (CT) and 
pipe-ring specimens with notch and fatigue pre-crack were analysed. In order to determine CTOD-R curve the 
normalization method by using remote measurement CMOD has been used for all specimens. For non-standard pipe 
ring pre-cracked specimens the plastic correction eta factor is determined by using finite element method. The stable 
crack growth initiation was determined also as a crack tip surface strain-relaxation by using stereo-optical grading 
method. Fracture mechanics tests show similar fracture toughness for all type of specimens. The slopes of CTOD-R 
curves are different regarding to stable crack tearing process. Comparison between CTOD-R curves of all three 
types of specimens shows quite similar fracture toughness in stable crack initiation range. One can concluded, the 
pipe-ring specimens cut out pipeline can be suitable substitution for fracture toughness testing of pipe-line materials 
with axial flaws, when standard’s requirements for fracture toughness testing is not possible to completed. 
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